The development length equation specified by ACI 318-08 and the similar equation 
INTRODUCTION
Adequate bond strength between concrete and reinforcing bars is necessary for the design of reinforced concrete structures. In addition, reinforcing bars are often spliced in order to transfer the force from one bar to another through the surrounding concrete. Therefore, accurate predictions of the development length and the bond strength of spliced bars are essential for safe design.
The current equations for development length specified by ACI 318-08 1 are based on the recommendations of ACI 408R-03 2 . The equations were developed based on extensive test data using conventional reinforcing bars conforming to ASTM A615 3 and ASTM A706 4 . Whether these equations are applicable to the new ASTM A1035 5 high-strength reinforcing bars is a critical issue for design. An extensive experimental program 6, 7, 8, 9, 10, 11 was conducted at three universities; each was responsible to independently test independently a total of 22 large-scale splice specimens providing a total of 66 tested specimens. The table also shows the concrete compressive strength, splice length, concrete cover, and the maximum stresses in the spliced bars which were calculated using cracked section analysis based on the maximum measured loads. The specimens were identified using a four-part identification system as follows: The first part, "5, 8 or 11", designates the size of the spliced bar. The second part, "5 or 8", designates the targeted concrete compressive strength in ksi. The third part, "O or X", designates the selected splice length to achieve a specified stress level of 80 or 100 ksi (555 or 690 MPa), respectively. The fourth part designates the concrete cover in inches.
TEST RESULTS
The results of the experimental program 6 showed that failure of beams without confining transverse reinforcement within the splice zone was explosive with spalling of the concrete cover from the entire length of the splice as shown in Figure 2 . When transverse confinement reinforcement was used in the splice zone, the beams were capable of carrying more loads, splitting cracks were allowed to propagate along the splice zone and the cover spalling was gradual. The experimental program also showed that without confining transverse reinforcement, the maximum stresses that were developed in the spliced bars were 120 the bars. These stresses were calculated using cracked section analysis based on the maximum measured loads. Based on the Hognestad model for concrete, strain compatibility was used to determine the strains at the location of the reinforcing bars at failure. Using the stress-strain relationship of the ASTM A1035 steel, the maximum developed stresses in the reinforcing bars were determined. In addition, these values were compared to the readings of the strain gages placed at the ends of the splices where the maximum stresses should occur.
FORMULATION OF EQUATION FOR DEVELOPMENT LENGTH
The equation for the development length was formulated by considering only the results of the specimens without confining transverse reinforcement along the splice length. The maximum measured loads were used to determine the maximum stresses developed in the spliced bars before failure. These stresses were used to examine the effect of the different parameters that control the bond characteristics of the reinforcing steel bars. Test results confirm the established knowledge that increasing the concrete compressive strength increases the loadcarrying capacity of the members. To eliminate the effect of variation of the concrete compressive strength (f c ') within the tested beams, the measured steel stresses (f s ) were normalized by the quadratic root of the concrete strength ( Table 1 .
7/25

Effect of Splice Length
To study the effect of the splice length (l d ), the stresses based on the maximum measured loads carried by the unconfined spliced bars of the specimens having the same concrete cover and similar concrete compressive strength were compared with each other as given in Table 1 .
The analysis indicates that the percentage increase in the splice length, given in Column (8) capacity. This behavior, also observed by El-Hacha et al. 12 , is attributed to the well-known fact that the distribution of bond stresses is nonlinear over long splice length. While the assumption of uniform bond stress distribution may be reasonably accurate for short splice lengths, it is unconservative for long splice lengths 23 . Examining the increase in the stresses developed in the spliced bars relative to the length of the splice, it was found that the splice strength is proportional to the square root of the ratio of splice length to bar diameter ( 
Effect of Concrete Cover
To investigate the effect of the concrete cover (c), the normalized stresses in the previous step were further normalized to the square root of the ratio of the splice length to the bar diameter to eliminate the effect of the splice length as given in Column (6) of Table 2 Table 2 .
For beams 8-8-O-1.5 vs. 8-5-O-2.5, the increase in the splice length is 30% and the square root of the ratio of the concrete cover to the bar diameter is increased by a similar value of 29%.
Proposed Development Length Equation for Unconfined Bars
Based on the evaluation of the effects of the various parameters, the stresses in the unconfined spliced bars were normalized with respect to the concrete strength, splice length, and concrete cover by using the proposed relationships discussed above as given in Table 3 .
It can be seen from this table that the average value of the normalized stresses for the test specimens with spliced bars without confinement reinforcement is 1144 with a coefficient of variation of 0.126. This indicates that the proposed relationships between the splice strength and the concrete strength, splice length, concrete cover, and bar diameter can reasonably represent the effect of these parameters on the bond strength of ASTM A1035 Grade 100 steel bars.
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This finding highlights the potential for developing a simple expression to predict the stresses in unconfined spliced bars. Figure 3 shows a plot of the values of Ω in the last column of Table 4 . The table shows the ratios of the measured to the predicted stresses, in addition to the average, standard deviation and coefficient of variation of these ratios. The results are also graphically presented in Figure 4 showing the distribution of the ratios of the measured to predicted stresses of the tested beams.
Both Table 4 and Figure Table A The comparisons of the results using the three equations are presented in Figure 5 . The results show the conservatism of the ACI 318-08 equation with 80 specimens having a ratio of measured to predicted stress more than 1.6. The figure also shows that the proposed Equation 5
produces the least scatter of the results with an average of 1.10 and a coefficient of variation of 0.13 as given in Table 5 .
Furthermore, for comparison purposes, the proposed equation (Eq. 5 or 6), ACI 318 and ACI 408 equations were used to predict the splice lengths required to achieve different stress levels as shown in Figure 6 . It should be noted that Figure 6 was developed using concrete strength of 5000 psi (34. Committee 408 equations 7 8 9
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